Current innovations in mass-spectrometry-based technologies allow deep coverage of protein expression. Despite its immense value and in contrast to transcriptomics, only a handful of studies in crop plants engaged with global proteome assays. Here, we present large-scale shotgun proteomics profiling of tomato fruit across two key tissues and five developmental stages. A total of 7738 individual protein groups were identified and reliably measured at least in one of the analyzed tissues or stages. The depth of our assay enabled identification of 61 differentially expressed transcription factors, including renowned ripeningrelated regulators and elements of ethylene signaling. Significantly, we measured proteins involved in 83% of all predicted enzymatic reactions in the tomato metabolic network. Hence, proteins representing almost the complete set of reactions in major metabolic pathways were identified, including the cytosolic and plastidic isoprenoid and the phenylpropanoid pathways. Furthermore, the data allowed us to discern between protein isoforms according to expression patterns, which is most significant in light of the weak transcriptprotein expression correspondence. Finally, visualization of changes in protein abundance associated with a particular process provided us with a unique view of skin and flesh tissues in developing fruit. This study adds a new dimension to the existing genomic, transcriptomic and metabolomic resources. It is therefore likely to promote translational and post-translational research in tomato and additional species, which is presently focused on transcription.
INTRODUCTION
The most widespread application of proteomics is to provide qualitative and quantitative information on protein expression. In plants, proteomics has been employed for quantitative profiling of individual proteins, but furthermore in studies of post-translational modifications, subcellular localization, identification of signaling pathways, protein complexes and dynamics of protein-protein interactions (Agrawal et al., 2010 ; for review, see Matros et al., 2011; Pflieger et al., 2011; Hossain et al., 2012) . These efforts provided insights to many processes, including stress response and tolerance (Kosov a et al., 2011; Zhang et al., 2012) , nutrient sensing (Alexova and Millar, 2013; Liang et al., 2013) and development (Chitteti and Peng, 2007; Kaufmann et al., 2011; Palma et al., 2011; Tak a c et al., 2011) . Moreover, data derived from large-scale proteomic studies of the model plant Arabidopsis contributed significantly to the gain of knowledge regarding organization of metabolic fluxes and tissue-specific metabolic functions (Baerenfaller et al., 2008 Mintz-Oron et al., 2012; ) .
Over the past decade, tomato has appeared to be one of the most widely studied plant species, largely because its fruit serves as a model for investigation of fleshy fruit development and ripening, due to its importance as a crop and, moreover, the genetic relation to potato, pepper and eggplant. Yet, large-scale tomato proteomics datasets are relatively rare and limited in terms of their coverage. Faurobert et al. (2007) investigated the proteome of cherry tomato fruit pericarp in six developmental stages using 2D gel separation followed by matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS), obtaining data for 1791 gel spots. Out of the 148 significantly variable proteins, 90 were identified. Qin et al. (2012) used a similar approach to identify 126 differential spots between wildtype (WT) and fruit of the ripening inhibitor (rin) mutant, out of which 35 proteins could be annotated. Osorio et al. (2011) presented proteomic analysis of the fruit pericarp from WT plants and three major ripening mutants; nonripening (nor), ripening inhibitor (rin) and Never ripe (Nr), annotating 158 differentially expressed peptides. Xu et al. (2013) presented an extensive proteome map of the tomato fruit identifying 425 proteins in the fruit pericarp of 12 tomato genotypes in two developmental stages. In some cases, tomato proteomics studies focused on specific tissue types and protein modifications. Proteomics of the tomato fruit surface by liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/ MS) identified 202 proteins present in the tomato cuticle (Yeats et al., 2010) . Catal a et al. (2011) investigated the tomato fruit glycoproteome, identifying 133 glycosylated proteins by lectin affinity chromatography followed by liquid chromatography and MALDI-MS analysis. Martin et al. (2016) identified 1140 proteins in the tomato fruit pericarp tissue when characterizing the CUTIN DEFICIENT 2 (CD2) transcription factor (TF) mutant. To identify downstream targets of RIN, Wang et al. (2014) performed proteomics of nuclei derived from developing tomato fruit, and reported changes in 1303 nucleus-localized proteins in the WT and rin mutant fruit at four developmental stages. Finally, a recent method optimization study by Kilambi et al. (2016) reported the identification of 5404 tomato fruit proteins using sample pre-fractionation by in-gel peptide isoelectric focusing and a nano-LC coupled with high-resolution mass spectrometry (HRMS). However, of all identified proteins, only 2664 could be quantified by spectral counting. This study reported the highest level of proteome coverage in tomato to date both in terms of protein identification and quantification. In contrast to other plants, proteomics studies in Arabidopsis covered a much larger repertoire of proteins; between 1500 and 14 500 proteins being identified and quantitatively measured in a single experiment, including multiple tissues, treatments and mutants (Baerenfaller et al., 2008 Reiland et al., 2009; Gfeller et al., 2011; Svozil et al., 2014 Svozil et al., , 2015 . Employing ion trap-quadrupole-tandem mass spectrometry (ITQ-MS/MS), Baerenfaller et al. (2008) reported 5779 proteins in a single leaf sample of Arabidopsis.
In this study, we utilized an advanced shotgun proteomics approach to perform a comprehensive proteomic profiling of tomato fruit. Two fruit tissues (skin and flesh) derived from five archetypal developmental stages were investigated. Our proteomic strategy involved the most up to date approach of in-solution digestion and 2D chromatography coupled to HRMS. Overall, this approach reliably measured 7738 proteins, with the maximum of 6665 proteins identified in a single tissue type (flesh tissue in mature green stage). The analytical methodology involved high pH reversed phase fractionation (first reported by Gilar et al., 2005) . The method is highly reproducible and is semi-orthogonal to low-pH reversed phase, allowing greater coverage of a proteome. Once fractions of each replicate were collected, they were combined to seven fractions in order to reduce analysis time without compromising coverage. Each fraction was then analyzed by nanoflow ultra-performance liquid chromatography coupled online with a quadrupole Orbitrap mass spectrometry operated in data-dependent acquisition. Quantification was based on the measurement of intact peptides by the mass spectrometer, so called MS1 signals (Shalit et al., 2015) .
The depth of proteome coverage in these experiments allowed us to monitor the expression of 115 putative TF proteins; for the majority of them protein expression has never been measured formerly. Likewise, proteins corresponding to enzymes representing almost the complete set of reactions in a particular metabolic pathway have been identified and their expression quantified (e.g. in the isoprenoid and phenylpropanoid pathways). Dynamic visualization of changes in protein abundance associated with a particular biological process provided us with a unique, protein level view of tomato fruit development and ripening in two fundamental tissue types. Finally, elements of the ripening-associated regulatory network, typically investigated at the transcript level, were examined here at the corresponding protein level. The results highlight the significance of extensive proteome coverage, most significantly in light of the weak correlation between transcript and protein expression. Hence, this study is likely to promote translational and post-translational research in tomato and other plant species, which is currently merely at the transcriptional level.
RESULTS AND DISCUSSION
Tomato fruit proteomics by the use of MS1 intensitybased label-free quantification (LFQ)
The limited amount of available proteomics information in tomato fruit prompted us to generate a substantial protein expression dataset. Hence, we dissected flesh and skin tissue from five stages of fruit development [immature green (IG; 25 days post-anthesis; DPA); mature green (MG; 42 DPA); breaker (Br; 44 DPA); orange (Or; 46 DPA) and red (R; 48 DPA); Figure 1 ). Total protein digest was subjected to MS1 intensity-based LFQ method (Figure 1 ; Shalit et al., 2015) . The MS1 LFQ procedure is simple in terms of sample preparation, as no labeling reagents are required and there is principally no limit to samples in an experiment. It utilizes peptide peak intensity, which is the basis for calculation of a quantitative value for each peptide. Protein abundance was derived by summing up the three most intense peptides per protein, unless the protein was detected with two peptides or one, in which case only these were used (Shalit et al., 2015) . Some of the peptides used for quantification are shared between two or more proteins. It is therefore important to note that all identifications provided in the manuscript refer actually to protein groups sharing a specific set of peptides. For the clarity of the text, in the following sections we use term 'protein' referring to a 'protein group', which is a common practice in proteomic literature (Shalit et al., 2015) . In specific cases, the reader is encouraged to use the peptide information provided in Table S5 for the individual proteins of interest.
Quality and coverage of the acquired tomato fruit proteome
The analysis conducted in the course of this study identified a total of 7738 proteins with maximum 6665 identified in a single sample (i.e. flesh of MG stage fruit, replicate # I). Proteome coverage was highly reproducible across the biological replicates; 90.3% of all identifications were reproducible in all three biological replicates, 6.1% of identifications were reproducible only in two and 3.5% in one replicate. The between-replicate variance (V r ), reflecting the quantitative imprecision of the analysis and biological noise, accounted on average for 24% of the total data variance. This average was biased by a small fraction of 'noisy' proteins represented by the long 'tail' of the V r distribution ( Figure S1a) . Removal of the top 10% proteins exhibiting highest V r decreases the average V r to 12%. The V r value depends on the intensity of the protein MS signal; the proteins with the log intensity of their proteotypic peptides I log < 16 exhibited a median V r of 35%, whereas for the high abundant ones V r = 0.1 (I log > 26; Figure S1b ). The total sum of 7738 proteins represents coverage of 19% with respect to the total number of 34 813 protein coding sequences annotated currently in the tomato genome (ITAG 2.3; SGN, http://solgenomics.net/; Bombarely et al., 2011) . This in turn represents 29% of transcripts expressed in tomato fruit (average RPKM >0), according to illumina RNA-seq data published by the Tomato Genome Consortium (2012) and available in the Tomato Functional Genomics Database (http://ted.bti.cornell.edu/). This coverage, however, rises dramatically with increasing RPKM threshold. We observed that the relationship between the average transcript level and a chance to detect its respective protein is described by a textbook example of a logistic regression curve (Std. error = 0.016, P-value < 2e-16; Figure S1e) . This result indicates that our analytical pipeline identifies proteins expected to be present in the sample based on the gene expression data.
The distribution of protein frequency per ontology term (MapMan ontology) indicated a significant enrichment in specific functional groups with high and low coverage (Figure 2a ; empirical P-value < 0.001 in a 1000-fold permutation test). This result suggested that the identified proteins represent a functionally defined subset of the theoretical tomato proteome associated with tomato fruit development and ripening. Analyzing protein enrichment in MapMan ontology revealed metabolism-related processes as the top scoring group among all functional categories (Table S1 ). All primary metabolism-related functions including photosynthesis and ATP synthesis, carbohydrate, amino acid, lipid and nucleotide metabolism, redox metabolism, TCA cycle and the pentose phosphate pathway were characterized by high proteome coverage of their annotated genes (Figure 3 ). At the same time, in the secondary metabolism category, isoprenoid, phenylpropanoid and tocopherol biosynthesis were highly overrepresented. Besides the strictly enzymatic functions, many proteinrelated processes, including ribosomal proteins, folding machinery, protein targeting and degradation, were comprehensively covered. Well-covered categories included signaling, represented by most of the annotated tomato 14-3-3 proteins and components of the COP9 signalosome. Another example concerned with RNA-related processes, which on average is one of the categories least represented among identified proteins (with the exception of 'RNA processing and binding'), exhibited more than 50% coverage. Taking into account the highly discriminative inventory of different functional categories, it is evident that the achieved 19% coverage of the protein coding sequence represents much a higher percentage of all proteins expressed in the measured tissues.
The result was even more pronounced in the case of metabolic pathways (Figure 2b) . A highly significant enrichment in pathways exhibiting 1 and 0 coverage (empirical P-value ≤ 0.001 in a 1000-fold permutation test) indicated that metabolic pathways exhibit an on/off pattern. In this case, either all reactions of the pathways are covered by at least one isoenzyme or none of them (based on the most recent LycoCyc pathway-reaction-protein data). In our analysis, we identified 2825 proteins with a putative enzymatic function (35.1% of all identified proteins in this study). Currently, LycoCyc v3.3.19 annotates 8033 enzymes of Solanum lycopersicum, corresponding to 2616 enzymatic reactions. The 2825 identified enzyme proteins cover 1689 enzymatic reactions with at least one isoenzyme per reaction, which is 64% of all reactions present in the LycoCyc database. It is important to note that the LycoCyc database contains multiple pathways and reactions automatically propagated from other organisms, including other plant species, algae, bacteria and fungi.
Consequently these reactions have either false or no gene annotations, and affect the final result. In order to address this issue, we manually curated the list of pathways (2) Proteins were extracted and subjected to in-solution tryptic digestion using the Filter-Aided Sample Preparation (FASP) protocol. (3) Digested proteins were fractionated using C18 high-pH/low-pH reversed-phase high-performance liquid chromatography (HPLC; Agilent 1260 uHPLC). (4) The 15 collected fractions were combined to seven pools of similar peptide concentration. (5) Each fraction has been loaded using split-less nano-ultra-performance liquid chromatography (UPLC). Desalting on a reversed-phase C18 column has been followed by the peptide separation on a T3 HSS nano-column. The nano-UPLC was coupled online through a nano-ESI emitter to a quadrupole orbitrap mass spectrometer. Data were acquired in DDA mode, using a Top20 method. (6) Retention time alignment and peak detection of precursor peptides has been performed using the Expressionist software. A master peak list was generated from all MS/MS events and sent for ITAG version 2.3 database searching using Mascot v2.5.
provided by LycoCyc, removing 387 wrongly annotated reactions, adding and changing 258 reactions. We also significantly changed the ontology structure by collapsing multiple versions or steps of the same metabolic function to one category (e.g. merging pathways I, II and III of betaalanine biosynthesis or collapsing lycopene, lutein, b-carotene, antheraxanthin and violaxanthin biosynthesis to a new super-pathway of carotenoid biosynthesis; Table S2 ). Cytosol (1661) Nucleus (1373) Vacuole (103) Mitochondrion (621) Endoplasmic reticulum (185) Plastid (1158) Golgi apparatus (85) Peroxisome (131) Predicted compartment−specific proteome coverage (%) (479) Cytosol (1661) Nucleus (1373) Vacuole (103) Mitochondrion (621) Endoplasmic reticulum (185) Plastid (1158) Golgi apparatus (85) Peroxisome (131) Mean log 2 peptide intensity Consequently, the reaction list obtained following LycoCyc database curation exhibited higher coverage of reactions (i.e. 83%); a total of 45% putative enzymatic proteins were measured as compared with 35.1% for the non-curated list. Pathway coverage was found highly selective as 60 out of 95 pathways with more than five reactions exhibited 100% coverage. These were mostly associated with primary metabolism, including energy metabolism and photosynthesis, carbohydrate, amino acid and lipid metabolism, and a range of pathways related to secondary metabolism including for example the mevalonate and non-mevalonate pathways of isoprenoid synthesis. In context of such high coverage it was interesting to examine which pathways have not been represented or are underrepresented. These were mostly phytohormone biosynthesis pathways, including auxin, salicylate, cytokinins, gibberellins and brassinosteroids.
The proteome coverage differed considerably depending on the predicted protein subcellular localization (Figure 2c) . The highest coverage was obtained for proteins targeted to plastid and cytosol (SUBA3 consensus prediction; Hooper et al., 2014 ; http://suba3.plantenergy.uwa.ed u.au). Significantly, low coverage has been observed for plasma membrane, extracellular proteins and nucleus. These differences correlate well with differences in peptide intensities. Proteins targeted to plasma membrane and nucleus have on average significantly lower signal intensity of their proteotypic peptides, whereas the plastidial and cytosolic ones have a higher signal ( Figure 2d ). The exceptions were extracellular proteins, which were significantly underrepresented while having higher than average peptide signal.
Specificity of protein accumulation in development and tissues
A total of 6760 and 6752 proteins were identified in at least one developmental stage in fruit flesh and skin samples, respectively. The majority of proteins (5774) were identified in both tissues (Table 1) . We found that the range of measured proteins is remarkably similar in all samples, i.e. 94% and 85.5% of fruit flesh and skin proteins was found across all five developmental stages, respectively. The difference between proteins identified in the fruit skin and flesh was in the range of 25% (IG stage) and 28.5% (Br stage).
Flesh and skin tissues of the tomato fruit are very different in terms of protein content, and we therefore analyzed them in two separate batches. By aligning and processing the data separately, we reduced the number of aligned peaks, and limited the number of cases where a peak is missing in 50% of samples (as in case of tissue-specific proteins). This increased the number of identifications in each tissue, but limited the comparison between skin and flesh tissues to the qualitative level (yes or no protein identification; see Experimental Procedures for details of the data-processing protocol). In the following sections we highlight only those differences between skin and flesh tissues being significant on the level of functional categories, such as MapMan bins and LycoCyc metabolic pathways, and thus capturing the biological aspect of the comparison. Principal component analysis (PCA; Figure 3b ) showed that indeed the dominating source of variance in the combined dataset is the differential protein signal in skin and flesh tissues across all developmental stages (PC 1, 31%). Sixteen percent of the variance described by PC 2 was related to developmental changes being common for both tissues. The common trend for the skin and flesh development captured by the PC 2 indicated that despite highly divergent function and separate data processing, both tissues share most of the development-related protein expression changes. ANOVA highlighted a total of 586 such development-regulated proteins (twofold change; adjusted P-value ≤ 0.05; Table S3 ). The rest of the variance was related to the interaction between tissue and development factors. In the PCA this is reflected by PC 3 (7.8%) separating specifically skin-Br samples, and PC 4 (5.8%) describing mostly a radical change between the Br and Or stages in the skin. A total of 220 proteins displayed a significant tissue-development interaction effect. The analysis of differentially expressed proteins between the consecutive developmental stages highlighted the Br stage as a major differentiation step in the skin tissue (Table 2) , while between the IG and R stages the number of proteins upregulated in the flesh and skin is similar (836 and 653, with 322 proteins in common). This proportion varies significantly between the step-wise comparisons (MG-IG, Br-MG, Or-Br and R-Or), which together with a relatively low number of common step-wise changes, indicates highly diverse dynamics of skin and flesh protein expression. A similar situation is observed for downregulated proteins, except that we found twice as many downregulated proteins in the skin tissue (1453 in skin and 737 in the flesh tissue).
Cellular processes reflected by protein expression dynamics
Protein expression changes during fruit development and ripening reflect a sequential activation and repression of specific cellular processes that differ substantially between flesh and skin tissues. The Voronoi diagrams in Figure 4 summarize the observed changes in the context of biological processes. The diagrams were constructed merely using proteins identified in this study (unlike Figure 3a) . It appeared that protein changes are correlated with specific functional categories. Most major anabolic processes, including photosynthesis, protein turnover, cell wall synthesis and modification, starch biosynthesis, and broadly defined transcriptional regulation, are specific for early fruit developmental stages. In contrast, ripening is associated with secondary metabolism (e.g. isoprenoid and carotenoid biosynthesis), stress response, amino acid metabolism, protein ubiquitination, RNA processing and programmed cell death. This comparison reflects a metabolic shift from biomass accumulation between the IG and Br fruit stages to ripening in the Or and R stages in which metabolites responsible for pigmentation, sun screening and flavor are produced. Figure 4b presents a significant relationship between the protein tissue association and protein function. Proteins associated with photosynthesis, protein degradation and secretion, accumulation of storage proteins, triacylglycerol biosynthesis, cell wall biosynthesis and modification were predominantly localized to the fruit flesh. On the other hand, fatty acid synthesis and elongation, lipid transfer proteins and shikimate pathway proteins were mostly represented in fruit skin. These processes likely reflect activity of fruit surface-related functions such as epidermis metabolism and cuticle assembly.
Protein expression of transcriptional regulators
A handful of TFs have been studied with respect to the induction of ripening in tomato and other fleshy fruit, yet none of them was reported in previous proteomics studies. The depth of protein detection obtained using the analytical platform employed here enabled us to identify as many as 115 putative TFs. Overall, 65 putative TF proteins were significantly differentially expressed between the two tissues, developmental stages or both. Three major sub-clusters were revealed in hierarchical clustering based on protein expression patterns ( Figure 5 ). The largest subcluster included 45 TFs expressed in flesh tissue at various stages of development and ripening. A second sub-cluster comprised merely three members that displayed specific expression in the IG and MG stages, both in skin and flesh tissues. Finally, the third class included 16 skin-enriched TFs that were not identified or observed only at very low level in the flesh tissue.
We used previously reported data of tomato TFs gene expression (Rohrmann et al., 2012) to examine the transcript-protein correlation in the 65 differentially expressed TFs protein set. Only a minor relationship was observed between the two; for example 12 of the 45 flesh-associated TFs displayed transcript to protein Pearson's r > 0.7, six of them possessed high anti-correlation (r < À0.7). On average, the TF proteins were not significantly correlated with their previously reported transcript change, reaching Pearson's r = 0.17 and 0.09 in the flesh and skin tissues, respectively. While these findings might be biased due to comparison between two separate experimental set-ups, we detected low or negative transcript-protein correlation in both uncharacterized DNA-binding proteins as well as those functionally characterized TFs such as AUXIN RESPONSE FACTOR ARF17 (Yang et al., 2013) and HEAT STRESS FACTOR HSFA5 (Baniwal et al., 2007) . Thus, these data provide a new perspective regarding previous largescale transcriptomics data of tomato fruit (Fei et al., 2006; Rohrmann et al., 2012; Tohge et al., 2015) , and will likely contribute to the identification of new fruit developmentand ripening-related transcriptional regulators.
Several TFs playing a key role in tomato fruit ripening were among the 115 putative TFs identified. These included RIPENING INHIBITOR (RIN), NON-RIPENING (NOR), FRUITFULL (FUL1), FRUITFUL (FUL2) and AUXIN RESPONSE FACTOR2 (ARF2) that displayed upregulated (Manning et al., 2006) , showed predominant expression in the skin tissue. The TOMATO AGAMOUS LIKE1 (TAGL1) protein, a MADS Box protein previously associated with a dual function in early fruit growth and later in ripening, showed no remarkable changes in fruit development (Itkin et al., 2009; Vrebalov et al., 2009; Pan et al., 2010) . Most if not all ripening-related regulatory proteins reported to-date in tomato have been functionally associated with the climacteric induction of ethylene biosynthesis, typically through the activation or repression of Figure 5 . Expression of identified transcription factor (TF) proteins. Heat map of transcript and protein expression of 65 TFs with differential protein expression (Bonferroni-Hochberg corrected P-value ≤0.01). Transcript data have been adopted from Tohge et al. (2015) . Pearson correlation coefficients between TF transcript and protein expression are shown, with the significant positive and negative correlations (R 2 ≥ 0.5) marked in red and blue, respectively (see Experimental Procedures). Hierarchical clustering has been performed using Z-transformed expression values. Marked clusters have been supported by the bootstrap P-value <0.05. Missing data are represented by gray fields. Proteins mentioned in the main text are highlighted with a bold font and an asterisk. ethylene biosynthetic genes. Ethylene is synthesized from S-adenosyl-L-methionine in two sequential reactions catalyzed by AMINOCYCLOPROPANE-1-CARBOXYLIC ACID SYNTHASE (ACS; 17 tomato homologs) and AMINOCY-CLOPROPANE-1-CARBOXYLIC ACID OXIDASE (ACO; 34 homologs according to LycoCyc 3.3.19; Caspi et al., 2014) . Two ACS (LeACS2 and LeACS4) and four ACO enzymes have been shown to play a critical role in tomato fruit ripening (Rottmann et al., 1991; Barry et al., 1996) . Among these, the protein corresponding to ACO1 has been identified in our analysis, displaying upregulated expression in the Or stage in both tissue types, albeit with twofold higher induction in the flesh tissue ( Figure 6 ). Out of seven ethylene receptors characterized in tomato (Wilkinson et al., 1995; Zhou et al., 1996; Lashbrook et al., 1998; Tieman and Klee, 1999) , two were identified here (i.e. ETR3 and ETR4). ETR3 protein expression level appeared relatively high only in the flesh at the Or stage and its expression dropped again in the R stage. This temporal peak of ETR3 abundance is most likely a result of the ethylene-induced protein degradation characteristic for ethylene receptors (Kamiyoshihara et al., 2010) . ETR4 on the other hand was identified in both skin and flesh tissues. While expression of ETR4 seemed low, the result indicated significant expression enrichment in the skin tissue.
Developmental and tissue-specific metabolic activity reflected through the protein expression profiles Estimation of metabolic activity in plants is a major challenge that could ideally be resolved by using experimental flux analysis via isotopically labeled substrate tracing (Wolfgang Wiechert, 2001 ). Because performing metabolic flux measurements at the whole plant level is most challenging, estimation of metabolic activity typically relies on transcriptome data. Hence, we decided to exploit the proteomics dataset obtained here and develop a computational approach to estimate metabolic activity by employing the LycoCyc 'reaction to pathway' annotations, local topology of the pathways and protein expression values. The method [termed here pathway expression score (PES)] scores metabolic pathway expression based on: (i) relative abundance of enzymes with comparison to other samples in the experiment; and (ii) uniqueness of the enzymes for a specific pathway (details described in Experimental Procedures). PES analysis revealed a significant tissue-specific reprogramming of metabolism during fruit development (Figure 7) . Several clusters of metabolic processes exhibited different tissue and developmental stage specificity. Figure 7 depicts the PES-based score heat map of 81 curated LycoCyc pathways exhibiting the highest variation across the tissues and developmental stages (based on coefficient of variation). Calculation of the PES indicated that pathways are organized in three major clusters: one representing pathways associated with skin tissues of the green fruit (i.e. IG and MG stage; cluster 1); a second associated with the skin of the ripening fruit (cluster 2); and a third associated with the flesh tissue (cluster 3). Cluster 1 is comprised of 25 pathways and includes four sub-clusters (1a-d). The first sub-cluster (1a) includes processes being highly upregulated in the IG stage in both tissues. These were i.a. cell-wall-related processes, such as xyloglucan and xylan biosynthesis, sterol and steroidal glycoalkaloids biosynthesis pathways in conjunction with the second phase of gibberellin synthesis (the cluster includes the conversion of ent-kaurene to GA12) and jasmonate biosynthesis. The sub-cluster 1b displays an association with the green stages but with much higher expression in the skin tissues. It is characterized by an upregulated fatty acid metabolism, including palmitate biosynthesis, fatty acid elongation, and wax and cutin biosynthesis. Sub-cluster 1c included pathways expressed in the skin tissues of the green fruit, and active in the flesh through most fruit development and ripening. These were mostly photosynthesis-related processes and starch degradation. Finally, sub-cluster 1d comprising the sphingolipid biosynthesis, NAD/NADH phosphorylation and dephosphorylation and mevalonate pathway of the isoprenoids biosynthesis displayed an opposite expression pattern in the skin and flesh, being upregulated in the IG and MG stage in the skin, and in the Br, Or and R in the flesh.
Hitherto, most metabolic pathways displayed clear association with either one of the tissues. Cluster 2 contains pathways exhibiting upregulated expression in skin at late stages of fruit development. In the Br stage, expression of several pathways of secondary metabolism was activated in the skin (upregulated in the Br, Or and R stages), including the carotenoid and phenylpropanoid pathways along with the precursor of aromatic amino acids biosynthesis (sub-cluster 2a). The skin ripening-associated processes (sub-cluster 2b; upregulated in Or and R stages) included volatiles and flavonoid biosynthesis in conjunction with upregulated ethylene production. Metabolic processes being constitutively upregulated in the skin tissue across all developmental stages (sub-cluster 2c) concern mostly with lipid catabolism reflected by upregulation of triacylglycerol degradation, fatty acid activation and fatty acid oxidation pathways.
Significant changes in primary metabolism-related pathways were found in the fruit flesh (cluster 3). Most of the flesh-associated pathways were enriched in the Br stage (sub-cluster 3a; brassinosteroid biosynthesis, lysine degradation, sulfate reduction, or the leucine and histidine biosynthesis) or in the Or stage (sub-cluster 3c; chlorophyll synthesis and the MEP pathway). The single pathway exhibiting association with early fruit development (i.e. IG and MG stages) in flesh tissue was abscisic acid biosynthesis (sub-cluster 3e). It is, however, important to mention that various pathways exhibit more complex PES patterns, for example, glycolipid desaturation displaying a double sigmoid pattern (MG and R stages). Despite the limited precision of protein quantitation and the long time between the time-course samples, these seemingly noisy patterns should be considered as a true biological observation. It further suggests that multiple metabolic processes exhibit several on and off events illustrating that tomato fruit development and ripening is not simply a linear transition between two states of development.
Significant protein expression coverage in the core isoprenoid and carotenoid pathways
The core isoprenoid pathways active either in the chloroplast (i.e. MEP pathway) or the cytosol (MVA pathway) produce a myriad of primary and secondary metabolites, some of them representing hallmarks of tomato fruit metabolism. The proteomics profiling data covered eight out of nine MVA pathway reactions with at least one isozyme identified per reaction (Figure 8 ). Interestingly, no protein corresponding to HYFROXYMETHYLGLUTARYL-COA REDUCTASE (HMGR) has been identified. HMGR, catalyzing the first committed step of the mevalonate pathway (Laule et al., 2003) , is known to be post-translationally regulated in response to developmental and environmental stimuli (Bach, 1987; Stermer et al., 1994) being a major regulatory step of the MVA pathway during tomato fruit development (Narita and Gruissem, 1989) . In the MEP pathway, the complete set of proteins (i.e. 10) was identified. Proteins corresponding to several initial steps of the MEP pathway displayed increased abundance in the IG and MG stages, either in both or one of the fruit tissues. MVA pathway proteins displayed increased expression in early development stages, including ACETYL-COA C-ACET-YLTRANSFERASE 1 (ACAT1) and a putative isoform of HYDROXYMETHYLGLUTARYL-COA SYNTHASE (HMGS). Several members of the MEP and MVA pathways showed tissue-associated expression. In the MEP pathway, 1-DEOXY-D-XYLULOSE-5-PHOSPHATE SYNTHASE 2 (DXS2), a low expressed isoform of DXS, was detected only in the skin tissue. CMK exhibited 10-to 100-fold higher expression in the skin than in the flesh, while HDS was found to be 10-fold more abundant in the flesh tissue. Finally, GER-ANYLGERANYL PYROPHOSPHATE SYNTHASE 2 (GGPS2) was highly enriched in the fruit flesh. In the MVA pathway, the characterized HMGS isozyme (Sun et al., 2007) was detected only in the flesh tissue, while GERANYL DIPHO-SPHATE SYNTHASE (GPS) is represented by three isozymes, with GGPS2 being expressed predominantly in the flesh tissue. Proteins corresponding to key enzymes of the carotenoid biosynthetic pathway branching from the MEP pathway have been monitored in our analysis. PHYTOENE SYNTHASE 1 (PSY1) was found significantly upregulated in both tissues starting from the Br stage onwards. The same expression pattern was displayed by PHYTOENE DESATURASE (PDS1), ZETA-CAROTENE DESATURASE (ZDS) and CAROTENE HYDROXYLASE (LUT5), indicating stringent coordination of the carotenoid pathway at the protein level. A PHYTOENE SYNTHASE isozyme (i.e. Solyc08 g007440) appeared to be predominantly expressed in flesh with similarity to the GGPS2 protein expression that is associated with generating its GGPP precursor. Interestingly, ZEAXANTHIN EPOXIDASE 1 (ZEP1) and a putative isozyme of VIOLAXANTHIN DE-EPOXIDASE (Solyc04 g050930; NPQ1) displayed contrasting tissue-specificity; ZEP1 was expressed predominantly in the flesh while NPQ1 mostly in the skin tissue.
These MEP pathway enzymes included 1-DEOXY-D-XYLU-LOSE-5-PHOSPHATE REDUCTASE (DXR), 2-C-METHYL-D-ERYTHRITOL 4-PHOSPHATE CYTIDYLYLTRANSFERASE (MCT), 4-DIPHOSPHOCYTIDYL-2-C-METHYL-D-ERYTHRI-TOL KINASE (CMK) and 4-HYDROXY-3-METHYLBUT-2-EN-1-YL DIPHOSPHATE SYNTHASE (HDS). Moreover, some

Protein expression in aromatic amino acids biosynthesis and the phenylpropanoid pathways
Products of the phenylpropanoid pathway are highly enriched in tomato fruit, particularly in the skin tissue. Phenylalanine, the precursor of this pathway, is synthesized from erythrose-4-phosphate and phosphoenol pyruvate in the shikimate pathway. All reactions in the shikimate pathway have been covered with at least one isozyme identified. The single SHIKIMATE KINASE (SK; Schmid et al., 1992) isozyme responsible for a key pathway step was only detected in the skin tissue. The deamination of phenylalanine and generation of the cinnamic acid is catalyzed by two characterized PHENYLALANINE AMMO-NIA-LYASES, PAL1 and PAL5 in tomato (Lee et al., 1992) . Both protein isoforms were found to be predominantly expressed in the skin tissue and upregulated at the onset of fruit ripening (i.e. the Br and Or stages; Figure 9 ). Five other putative PAL isoforms have been identified exhibiting various tissue and developmental stage specificity, including the Solyc05 g56170 isoform that was also found to be predominantly expressed in the skin. PAL1 and PAL5 are encoded by genes located in neighboring loci on chromosome 9 together with a third putative PAL gene (Solyc09 g007900) and are likely a result of gene duplication. Interestingly, unlike PAL1, PAL5 and Solyc09 g007900 protein expression was detected only in the flesh tissue suggesting its possible role in cinnamate biosynthesis in the fruit flesh.
Synthesis of coumaric acid, the next step following PAL, is catalyzed by CINNAMATE 4-HYDROXYLASE (C4H; encoded by a single gene in the tomato genome). C4H is induced in the MG stage in the flesh and the Or stage in the skin tissue. The flavonoid branch of the phenylpropanoid pathway continues via 4-COUMAROYL-COA/ FERULATE-COA LIGASE (4CL); its characterized isoform found upregulated in the Br, Or and R stages in both tissues. One of the key steps of the flavonoid pathway in tomato fruit is the synthesis of naringenin chalcone from 4-coumaroyl-CoA, a reaction catalyzed by CHALCONE SYNTHASE (CHS; Muir et al., 2001; Schijlen et al., 2007) . Two CHS genes (CHS1 and CHS2) have been previously shown to be transcriptionally induced upon onset of fruit ripening (España et al., 2014) . Accordingly, abundance of these two proteins was induced in the fruit skin at the Br stage.
Proteins involved in the subsequent reactions leading to the synthesis of the flavonols kaempferol and quercetin and their derivatives display expression patterns that resemble the ones of CHS1 and CHS2. The most highly expressed CHALCONE ISOMERASE (CHI) isoform is upregulated in the Or stage (in both tissues). The closest homolog of the characterized Arabidopsis FLAVONOID 3 0 -HYDROXYLASE (F3 0 H) isoform (Dong et al., 2001 ) exhibits significant skin enrichment. Similarly, the main FLAVA-NONE 3-HYDROXYLASE (F3H) protein (Verhoeyen et al., 2002) follows a Br-induced and skin-associated expression pattern. The putative isoforms of FLAVONOL SYNTHASE (FLS) show the most diverse expression patterns; two of them (Solyc01g108880 and Solyc08g006770) exhibiting upregulation in the Br stage. The skin enrichment of the flavonoid pathway proteins expression is in close agreement with the reported accumulation of the flavonoids in the tissue (Luque et al., 1995; Mintz-Oron et al., 2008; Adato et al., 2009) . In contrast to largely skin-enriched flavonoid pathway-associated proteins, expression of proteins involved in lignin monomers production was more pronounced in flesh tissues. These lignin-associated proteins included a putative TRANS-CAFFEATE O-METHYL-TRANSFERASE (COMT) protein isoform (Solyc03g080180), a 4-COUMAROYL-COA/FERULATE-COA LIGASE (4CL), a TYRAMINE N-FERULOYLTRANSFERASE (THT7-1) and a Figure 8 . Protein expression in the isoprenoid and carotenoid biosynthetic pathways. Each enzyme with at least one putative isoform identified in the proteomic analysis is highlighted in the pathway by a gray circle in conjunction with the heatmap representation of the peptide log 10 intensities of all its measured isoforms. Known enzymatic proteins are marked with their symbol on the left hand side of each heatmap; homologs of putative function are marked by a star. DXS, 1-deoxy-D-xylulose-5-phosphate synthase; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; MCS, 2-C-methyl-D-erythritol 2;4-cyclodiphosphate synthase; HDS, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase; HDR, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase; IDI, isopentenyl diphosphate isomerase; GGPS, geranylgeranyl pyrophosphate synthase; GPPS, geranyl diphosphate synthase; PSY, phytoene synthase; PDS, phytoene desaturase; Z-ISO, zeta-carotene isomerase; ZDS, zeta-carotene desaturase; Crt-ISO, carotene cis-trans isomerase; LCY-E, lycopene e-cyclase; LCY-B, lycopene b-cyclase; CYC-B, chromoplast-specific lycopene b-cyclase; LUT5, b-ring hydroxylase; LUT1, e-ring hydroxylase; VDE, violaxanthin de-epoxidase; ZEP, zeaxanthin epoxidase; ACAT, acetyl-CoA C-acetyltransferase; HMGS, hydroxymethylglutaryl-CoA synthase; HMGR, hydroxymethylglutaryl-coenzyme A reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; PMD, mevalonate diphosphate decarboxylase; FPS, farnesyl diphosphate synthase.
putative
CAFFEOYL-COA O-METHYLTRANSFERASE (CCMT0).
Proteins associated with cuticular lipids biosynthesis and cuticle assembly in tomato fruit surface Tomato fruit is a valuable model for studying the processes associated with surface formation and function due to the ease of isolating and therefore analyzing its thick cuticular layer as well as the lack of stomata in fruit (HenAvivi et al., 2014) . Previous studies demonstrated that a large number of genes associated with cuticle assembly including wax and cutin biosynthesis as well as regulatory genes are surprisingly expressed in the inner part of the fruit (the boundary between the pericarp and jelly) and not merely in the outer epidermis (Mintz-Oron et al., 2008; Matas et al., 2011; Hen-Avivi et al., 2014) . The existence of a cuticle in the inner surface of the pericarp is further corroborated by our study here showing that a large number P Figure 9 . Protein expression in the shikimate and phenylpropanoids biosynthetic pathways. Each enzyme with at least one putative isoform identified in the proteomic analysis is highlighted in the pathway by a gray circle in conjunction with the heatmap representation of the peptide log 10 intensities of all its measured isoforms. Known enzymatic proteins are marked with their symbol on the left-hand side of each heatmap, homologs of putative function are marked by a star. DAHPS, 3-deoxy-d-arabino-heptulosonate-7-phosphate synthase; DHQS, 3-dehydroquinate synthase; DHQD, 3-dehydroquinate dehydratase; SD, shikimate 5-dehydrogenase; SK, shikimate kinase; ESPS, 5-enolpyruvylshikimate 3-phosphate synthase; CS, chorismate synthase; CM, chorismate mutase; PDH/ADH, prephenate dehydrogenase/arogenate dehydrogenase; HPP, 4-hydroxyphenylpyruvate aminotransferase; PPA, prephenate aminotransferase; ADT, arogenate dehydratase; PDT, prephenate dehydratase; PPY, phenylpyruvate aminotransferase; C4H, cinnamate 4-hydroxylase; COMT, caffeic acid/5-hydroxyferulic acid Omethyltransferase; CCMT, caffeoyl CoAO-methyltransferase; TFT, tyramine N-feruloyltransferase; FLS, flavonol synthase; AS, anthranilate synthase; APRT, anthranilate phosphoribosyltransferase; PRSI, phosphoribosylanthranilate isomerase; I3GPS, indole-3-glycerol-phosphate synthase; TS, tryptophan synthase; PAL, phenylalanine ammonia-lyase; 4CL,4-(hydroxy)cinnamoyl CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3 0 H, flavanone-3 0 -hydroxylase; F3H, flavanone-3-hydroxylase.
of cuticular lipids-associated proteins are expressed to a similar degree in skin and flesh (Figure 10 ). For example, the CER6 gene, one of the four members of the fatty acid elongase complex, was characterized previously and its promoter shown to drive reporter expression in both the outer fruit epidermis as well as the inner part of the pericarp (Mintz-Oron et al., 2008) . Indeed, the corresponding CER6 protein (Solyc02g085870) showed expression in both tissues at all stages, albeit with some enrichment in skin. Another CER6 isoform (Solyc05g013220) was found to be predominantly expressed in the skin tissue. The tomato homolog of the Arabidopsis ABCG11 cutin monomer and wax transporter (Panikashvili et al., 2007 (Panikashvili et al., , 2010 was notably enriched in the flesh as compared with skin tissue. Yet, several other proteins do show predominant expression in the skin. For example, the homolog of ABCG32, a full-size ABC transporter associated with cutin monomer secretion in Arabidopsis (Bessire et al., 2011; Fabre et al., 2016) , was not identified in flesh tissue. It might represent the major cutin monomers transporter in tomato fruit skin. Both CER1 and CER7 associated with wax biosynthesis and its regulation showed predominant expression in skin as well. Yet, CER3, the direct target of CER7 has not been identified here (Lam et al., 2012 (Lam et al., , 2015 .
Further support for cuticle formation in the inner part of the pericarp was provided by a previous proteomic study reporting proteins extracted from the cuticular layer of IG stage fruit (Yeats et al., 2010) . Out of the 360 proteins identified by Yeats et al. (2010) , 289 have been identified in our experiment; interestingly, only a minor subset of them could be associated with the skin tissue ( Figure S2 ; Table S4 ). The subset appeared to be enriched in proteins upregulated in the IG and MG stages, which stays in agreement with the notion of rapid cuticle deposition in expanding tomato fruit (Baker et al., 1982; Mintz-Oron et al., 2008) . However, our results indicate that expression of the cuticle-embedded proteins is in fact not limited to the fruit surface.
CONCLUSION
In the past decade, the use of tomato as a model for both basic as well as applied research has been steadily increasing. This was accompanied by the development of remarkable genomic (The Tomato Genome Consortium, 2012; Bolger et al., 2014) and genetic resources (Shirasawa et al., 2010; Fulop et al., 2016; Ofner et al., 2016) , largescale phenotyping (van der Knaap and Tanksley, 2003; Schauer et al., 2006; Brewer et al., 2007; Gonzalo and van der Knaap, 2008) , and numerous transcriptomics and metabolomics studies (Fei et al., 2006; Mintz-Oron et al., 2008; Adato et al., 2009; Grennan, 2009) . Nevertheless, the availability of large-scale proteomics data for tomato and other species, including crops, is in general still very limited. Considering the limitations of using transcript data in terms of translatability to phenotypes and relevance in systems scale analysis and modeling (Schwender et al., 2014) , the need for high-quality, proteomics resources becomes apparent. In this study we established a comprehensive proteomics resource for tomato tissues in the course of fruit development and ripening. Apart from the immediate application in the identification of differentially expressed proteins, the availability of large-scale protein expression data will enable researchers to address key questions concerning, for example, genome-scale coordination of protein changes (Gibbs et al., 2013) , relationship between expression patterns and functional ontology (Liebermeister et al., 2014) , or identification of the fluxes responsible for biomass accumulation in a certain tissue (Mintz-Oron et al., 2012; Yuan et al., 2015) . The proteins quantified exhibited preferential functional classification indicating dynamics of biological processes involved in development and ripening of tomato fruit. Our data are especially valuable in the frame of metabolic processes; as many as 83% of all enzymatic reactions predicted in the tomato metabolic network were found to be covered by at least one annotated isoform per reaction.
The proteomics data generated here can assist in selecting the relevant protein isoform for a particular reaction, as multiple protein isoforms exist for most reactions. As in the case of the isoprenoid and carotenoid biosynthetic pathways, protein changes in consecutive biochemical steps tend to be highly coordinated. For example, isoforms such as GGPS1 and GGPS2, or IPI1 and IPI2, exhibit highly divergent expression in the fruit skin and flesh. Whereas multiple such examples have been studied at the transcript level, quantification of protein abundance, being directly related to the enzymatic activity, provides more robust indication of protein function. Thus, protein expression data are most valuable for studying metabolic pathways in plants, most of them having annotated more than one protein isoform per reaction.
Finally, we anticipate that together with advancements in generating a genome-scale metabolic model for developing tomato fruit, these proteomics data will be an exceptional resource to reveal metabolic mechanisms associated with tomato fruit quality traits.
EXPERIMENTAL PROCEDURES Plant growth and sampling
Tomato seeds (S. lycopersicum 'Microtom') were grown in greenhouse-controlled conditions. Flowers were marked at the anthesis, and fruits were collected according to their size and color as fol 
Sample preparation
Samples were subjected to in-solution tryptic digestion using a modified Filter-Aided Sample Preparation protocol (FASP; Wisniewski et al., 2009) . All chemicals were from Sigma Aldrich (St.
Louis, MO, USA), unless stated otherwise. Sodium dodecyl sulfate lysis buffer (SDT) included: 4% (w/v) sodium dodecyl sulfate, 100 mM Tris/HCl pH 7.6, 0.1 M dithiothreitol; urea buffer (UB): 8 M urea (Sigma; U5128) in 0.1 M Tris/HCl pH 8.0; and UC buffer: 2 M urea, pH 7.6-8.0 (dilute UB 9 4 with 0.1 M Tris-HCl pH 7.6). Cells Figure 10 . Protein expression in the wax and cutin biosynthetic pathways. Each enzyme with at least one putative isoform identified in the proteomic analysis is highlighted in the pathway by a gray circle in conjunction with the heatmap representation of the peptide log 10 intensities of all its measured isoforms. Known enzymatic proteins are marked with their symbol on the left-hand side of each heatmap, homologs of putative function are marked by a star. SICUS, cutin synthase; ABCG, ABC transporter; LTP, lipid transfer protein; GPAT6, 1-acylglycerol-3-phosphate O-acyltransferase; LACS1, long-chain acyl-CoA synthetase; CYP77A6, fatty acid in-chain-hydroxylase; CYP86A4, fatty acid w-hydroxylase; ECR, trans-2,3-enoyl reductase; CER6, a beta-ketoacyl-CoA synthase; KCR1, ketoacyl-CoA reductase 1; HCD, 3R-hydroxyacyl-CoA dehydratase; CER2, CoA-dependent acyltransferase; WSD1, wax synthase; CER4, alcohol-forming fatty acyl-CoA reductase; THS, very-long-chain acyl-CoA synthetase; CER3, predicted aldehyde-producing enzyme that catalyzes the conversion of acyl-CoA to an intermediate aldehyde; CER1, sterol desaturase; MAH1, midchain alkane hydroxylase; HTH, x-hydroxyacid-dehydrogenase HOTHEAD; CYP86A2, fatty acid w-hydroxylase; CYP86A7, fatty acid w-hydroxylase; DCR, BADH acyltransferase; GPAT4/8, 1-acylglycerol-3-phosphate O-acyltransferase; CFL1, WW domain regulator of cuticle formation; CER7 3 0 -5 0 exoribonuclease, transcriptional regulator of CER3 expression.
© were dissolved in 100 lL SDT buffer and lysed for 3 min at 95°C, then spun down at 16 000 RCF for 10 min; 30 lL was mixed with 200 lL UB and loaded onto 30 kDa molecular weight cutoff filters and spun down; 200 lL of UA was added to the filter unit and centrifuged at 14 000 g for 40 min; 100 lL of 5 mM iodoacetamide was added and incubated in the dark for 10 min followed by centrifugation for 30 min; trypsin was then added at a ratio of 50:1 (protein:trypsin, based on BCA measurement of total protein) and samples incubated at 37°C overnight. Digested proteins were then spun down, acidified with trifluoroacetic acid and stored at À80°C until analysis.
Liquid chromatography
Ultra-performance liquid chromatography (UPLC)/mass spectrometry (MS) grade solvents were used for all chromatographic steps. Each sample was fractionated using high-pH reversed-phase followed by low-pH reversed-phase separation; 200 lg digested protein was loaded using high-performance liquid chromatography (Agilent 1260 uHPLC). Mobile phase was: (A) 20 mM ammonium formate pH 10.0; (B) acetonitrile. Peptides were separated on an XBridge C18 column (3 9 100 mm; Waters) using the following gradient: 3% B for 2 min, linear gradient to 40% B in 50 min, 5 min to 95% B, maintained at 95% B for 5 min and then back to initial conditions. Peptides were fractionated into 15 fractions. The fractions were then pooled: 1 with 8, 2 with 9, 3 with 10, 4 with 11, 5 with 12, 6 with 13, and 7 with 14-15. Each fraction was dried in a speedvac, then reconstituted in 25 L in 97:3 acetonitrile:water + 0.1% formic acid. Each pooled fraction was then loaded using split-less nano-UPLC (10 kpsi nanoAcquity; Waters, Milford, MA, USA). The mobile phase was: (A) H 2 O + 0.1% formic acid; and (B) acetonitrile + 0.1% formic acid. Desalting of the samples was performed online using a reversed-phase C18 trapping column (180 lm internal diameter, 20 mm length, 5 lm particle size; Waters). The peptides were then separated using a HSS T3 nanocolumn (75 lm internal diameter, 250 mm length, 1.8 lm particle size; Waters) at 0.35 lL min À1 . Peptides were eluted from the column into the mass spectrometer using the following gradient: 4-35% B in 105 min; 35-90% B in 5 min; maintained at 90% for 5 min; and then back to initial conditions.
MS
The nano-UPLC was coupled online through a nano-ESI emitter (10 lm tip; New Objective; Woburn, MA, USA) to a quadrupole orbitrap mass spectrometer (Q Exactive Plus, Thermo Scientific) using a FlexIon nanospray apparatus (Proxeon, Thermo Scientific). Data were acquired in DDA mode, using a Top20 method. MS1 mass range was 300-1750 m/z, resolution was set to 60 000 (at 400 m/z), AGC target 1e6 and maximum injection time was set to 120 msec. MS2 resolution was set to 17 500, isolation window of 2 m/z, underfill ratio 1.3%, AGC target of 5e5 and maximum injection time of 100 msec. Dynamic exclusion was set to 120 msec.
Data processing
Raw data were imported into the Expressionist â software (Genedata, Basel, Switzerland) version 9.1. The software was used for retention time alignment, using a pairwise alignment tree and peak detection of precursor peptides, as described extensively in Shalit et al. (2015) . A master peak list was generated from all MS/ MS events and sent for database searching using Mascot v2.5.1 (Matrix Sciences, Boston, MA, USA). Data were searched against the tomato sequences in the ITAG database, version 2.3 appended with 125 common laboratory contaminant proteins. Fixed modification was set to carbamidomethylation of cysteines, and variable modification was set to oxidation of methionines. Error tolerance for MS1 was set to 10 ppm and 0.02 da for MS2. Search results were then filtered using the PeptideProphet (Keller et al., 2002) algorithm, embedded into Scaffold software version 3.3 (Proteomesoftware, Portland, OR, USA), to achieve a maximum false discovery rate of 1% at the protein level. Peptide identifications were imported back to Expressions to annotate identified peaks. Quantification and grouping of proteins from the peptide data was performed using an in-house script (Shalit et al., 2015) . The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (https://www.ebi.ac.uk/ pride; Vizca ıno et al., 2016) partner repository with the dataset identifier PXD004887. The stored data files might be accessed and analyzed using a range of open source software, including, for example, Skyline (https://skyline.ms), to create spectral libraries that can be used for targeted analyses purposes.
Data analysis
Data were normalized on the basis of total ion current. Protein abundance was derived by summing up the three most intense peptides per protein, unless the protein was detected with two (15% of proteins) or one (28% of proteins) peptide in which case only these were used. The number of peptides for each protein, as well as the number of proteins with shared peptides, is provided in Table S3 . The missing values were defined as one or two missing measurements of a protein in three biological replicates. The flesh and skin tissues were analyzed in two separate batches, and integrated in a post-processing step. The pre-processed data are provided in Table S3 , worksheets 'Skin dataset' and 'Flesh dataset'. Additionally, the data might be accessed and visualized online via the 'TomExpress' database (http://gbf.toulouse.inra.fr/tomexpre ss/www/query.php). For the tissue comparisons we suggest to rely on the qualitative yes/no protein identification instead of the quantitative differences between protein expression levels. The scale of the quantitative tissue effect is a dominating variance factor in the non-normalized data (see PCA analysis; Figure 3b) ; however, it is a result of combined biological and technical effects. To account for it, protein log intensities have been mean-centered for each protein in skin and flesh tissue independently. In result, performed differential expression analysis compares the tissues in context of common and opposed accumulation/decrease patterns (Table S3) , and not the tissue-specific protein expression sustained across all developmental stages. Differential expression has been estimated using Bayes statistics on linear tissue-development interaction model with the R limma package and is available in Table S3 ( Ritchie et al., 2015) . Bootstrapped hierarchical clustering analysis has been performed using pvclust R package (Suzuki and Shimodaira, 2015) . All additional analyzes and visualizations have been performed using custom R scripts.
Protein annotation
Functional protein annotation has been acquired from the TAG database, version 2.3. The same annotation has been used for the MapMan bins used in generation of the Voronoi maps (MapMan v3.6.0; Thimm et al., 2004) . The LycoCyc 3.3 database has been used for the enzymes and pathways annotation (available at http://solcyc.solgenomics.net).
Voronoi map generation
Voronoi maps are power diagrams generated using the MapMan hierarchy with an algorithm of Nocaj and Brandes (2012) and provided Voronoi Treemap Library java package. The plotting has been performed using custom R functions. The area of each polygon represents the proportion of measured proteins annotated to a specific functional category in comparison with the total protein pool. The average change of the proteins annotated to the category is reflected by the color shading.
PES
The method depends on the protein to reaction and reaction to pathway annotations obtained from LycoCyc database. First each reaction obtains a weight 1∕P, where P is the number of individual pathways to which it is annotated. This step ensures that reactions shared by multiple pathways will have a minor impact on their final score. On the exemplary pathway on Figure S3a , this is represented by weights W R1 and W R2 = 1 for R1 and R2 unique for the black pathway, W R3 = 0.33 for the reaction R3 being shared between the black, green and red pathways, and W R4 = 0.5 for the R4 shared between the black and red pathways. Secondly, the weights are normalized, so in frame of each pathway they sum up to 1 (Figure S3b , pathway-normalized reaction weights). Next, for each reaction the enzymes representative for the reaction activity are identified. Here, basing on the common practice in FBA, we take into account two scenarios. In the first scenario a couple of isoenzymes are annotated for a particular reaction and in such case expression of the highest expressed enzyme is taken into account ( Figure S3a , reactions R1 and R2). In the second scenario two or more proteins form an enzymatic complex, in which case the level of the lowest expressed complex component is taken ( Figure S3a , reaction R4). Whereas this is justified only for the absolute protein quantification, here we simplify the step assuming that the isozyme with the highest sum of precursor fragments intensity is most likely the most abundant one. The assumption is relevant taking into account high sequence similarity between the isoforms. The selected enzyme intensity is normalized row-wise across the experimental samples by dividing its abundance values by its maximum. This puts each protein expression in a range between 0 and 1 ( Figure S3b , 'measured protein abundance'). Finally, the protein abundance is multiplied by the reaction weights and summed up, giving an estimate of the PES in a range between 0 and 1.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . (a) Histogram of the between-replicate variance fraction distribution. (b) Relationship between peptide signal and between-replicate variance fraction. Proteins were assorted into 22 groups according to their log signal. (c) Distribution of the coefficient of variation (CV) calculated for each protein for each three replicates. (d) Relationship between the average intensity and CV observed for each protein for each three replicates. The green line represents the fitted polynomial regression curve (R2 = 0.18, Pvalue < 2.2e-16, degree = 2). (e) Relationship between the average transcript level and the fraction of the transcripts having its respective protein identified in our dataset. Figure S2 . Relative expression of cuticle-associated proteins. Figure S3 . Calculation scheme of the pathway expression score (PES). Table S1 . MapMan ontology coverage table. Table S2 . Curated pathway annotation and coverage. Table S3 . Datasets and differential expression. Table S4 Relative expression of cuticle-associated proteins. Relative expression of 289 proteins identified by Yeats et al. (2010) in the immature green tomato fruit cuticle (cv. M82). Table S5 Peptide quantification tables. The two worksheets ('Flesh' and 'Skin') provide information about intensities of identified peptides, their mass, Mass Quant score, IDs of proteins to which the peptide has been matched and their annotation.
